ABSTRACT Populations of endemic soil entomopathogens (nematodes and fungi) were monitored in vegetable production systems incorporating varying degrees of sustainable practices in Fletcher, NC. Two tillage types (conventional plow and disk versus conservation tillage), two input approaches (chemically versus biologically based), and two cropping schedules (continuous tomato versus 3-yr rotation of corn, cucumber, cabbage, and tomato) were employed in large plots from 1995 to 1998. A Galleria mellonella (L.) trap bioassay was used to identify and monitor activity of Steinernema carpocapsae, Heterorhabditis bacteriophora, Beauveria bassiana, and Metarhizium anisopliae populations during the vegetable growing season (AprilÐSeptember). Seasonal detection of entomopathogens was signiÞcantly higher in conservation compared with conventional tillage systems. The strip-till operation did not affect levels of detection of S. carpocapsae. Pesticide use signiÞcantly reduced detection of entomopathogenic fungi. Type of ground cover signiÞcantly affected temperature in the upper 12 cm of soil; highest soil temperatures were observed under black plastic mulch and bare ground, whereas lowest temperatures were observed under rye mulch and clover intercrop. The high soil temperatures associated with certain ground covers may have reduced entomopathogen detection or survival. Although type of tillage appeared to be the primary factor affecting survival of endemic soil entomopathogens in our system, other factors, such as pesticide use and type of ground cover, can negate the positive effects of strip-tillage.
INCREASED AWARENESS OF potential beneÞts associated with soil conservation and integrated pest management practices has resulted in increased use of reduced tillage and nonchemical pest control tactics throughout the United States. Despite the widespread use of such methods, relatively little is known about the long-term effects of these sustainable practices on beneÞcial soil organisms because of the inherent difÞculty in sampling populations.
Nematodes in the families Steinernematidae and Heterorhabditidae, and entomopathogenic fungi (i.e., Beauveria bassiana (Balsamo) Vuillemin and Metarhizium anisopliae) have broad host ranges, kill hosts rapidly, and are environmentally safe (Klein 1990 ). However, efÞcacy trials with these organisms for suppression of insect pests in a number of crops have produced mixed results. For example, entomopathogenic nematodes applied in the Þeld have been shown to control certain Lepidoptera (Morris et al. 1990 , Purcell et al. 1992 and Coleoptera (Schroeder 1992 , Wright et al. 1993 ) under some circumstances; but environmental conditions and application methods can alter their performance (Berg et al. 1984 , Glazer and Navon 1990 , Alm 1992 .
Nematodes and fungi represent two different infection strategies: nematodes use a motile, host-Þnd-ing infective stage, while B. bassiana and M. anisopliae depend on host contact with nonmotile spores (Barbercheck 1991) . Although laboratory studies have been conducted on host range, host-Þnding behavior, and soil factors inßuencing nematode efÞcacy (i.e., Gaugler and Kaya 1990 , Kung et al. 1991 , Kaya and Gaugler 1993 , Jackson and Brooks 1995 , few studies have focused on biotic factors in the Þeld (i.e., Barbercheck et al. 1995, Cabanillas and Raulston 1995) .
Because soil entomopathogens are intimately associated with their environment, any disruption of the soil structure (i.e., tillage) could cause a change in activity or survival of pathogens. For example, Sosa-Gomez and Moscardi (1994) detected higher populations of B. bassiana and M. anisopliae in no-till compared with conventionally tilled soybean. Vanninen (1995) also concluded that soil cultivation adversely affected B. bassiana in Finland. Conversely, Bing and Lewis (1993) proposed that environmental conditions probably affected B. bassiana populations more than tillage. Parmelee and Alston (1986) found no difference in predaceous nematode populations in no-till versus conventional till, and Gaugler et al. (1989) determined that tillage enhanced persistence of B. bassiana conidia applied to the soil.
In 1994, we initiated a long-term study to examine the effects of certain sustainable practices (i.e., conservation tillage, crop rotation, biorational pest management, and cover crops/intercrops) on pest and beneÞcial organism populations in vegetables commonly grown in the mountains of western North Carolina. Here we report a comparison of soil entomopathogen populations in various chemically and biologically based vegetable production systems using conventional and conservation tillage.
Materials and Methods
The study was established at the Mountain Horticultural Crops Research Station (Fletcher, NC) on a Delanco Þne-sandy loam (Þne-loamy, mixed, mesic, Aquic Hapludult) with 2Ð7% slopes. The site had been planted to soybean and grain corn for the previous 5 yr, using conventional tillage, fertilizers and chemically based pest management practices. The experimental design was a split-plot with four replications; production systems were main plot factors and rotation sequence was the subplot factor. To minimize the effects of pesticide drift and interplot movement of arthropods and pathogens, main plots (12.2 by 24.4 m) were separated by a minimum of 12.2 m of grass alleyway.
Rotation sequence within each subplot (12.2 by 12.2 m) was continuous staked tomato; and yearly rotation of sweet corn (1995), cucumber (1996), tomato (1997) , and sweet corn (1998). Because they are relatively short-season crops, sweet corn and cucumber were double-cropped with cabbage, which is a common practice among vegetable growers in this region to maximize proÞtability on limited acreage. In all plots, tomato, cucumber and sweet corn were planted in mid-May to early June, and cabbage was planted in early August.
Production System Treatments (Main Plots).
(1) Conventional Tillage/Chemically Based Inputs. A fallplanted rye cover crop was plowed and disked each year before planting in late spring. Tomato and cucumber were planted on black plastic mulch with trickle irrigation, whereas sweet corn and cabbage were planted on bare ground with overhead sprinkler irrigation. After harvests of sweet corn and cucumber in mid-to late July, the land was plowed and disked before transplanting cabbage in early August. For fertilization, each crop was treated with 168 kg/ha N (ammonium nitrate), and plots were treated every three years with 112 kg/ha of P2O5 (triple super phosphate) and 100 kg/ha of K2O (potassium chloride), and every four years with 2,240 kg/ha of dolomitic limestone. Synthetic herbicides, fungicides and insecticides were used as recommended in North Carolina (1995 NC Agricultural Chemicals Manual, North Carolina State Univ., Raleigh, NC). Insecticides used included esfenvalerate at 0.05 kg (AI)/ha (Asana XL, DuPont, Wilmington, DE), endosulfan at 1.12 kg (AI)/ha (Thiodan 3 EC, FMC, Philadelphia, PA) and imidacloprid 0.05 kg (AI)/ha (Provado 1.6 F, Bayer, Kansas City, MO) on tomato, and esfenvalerate on cabbage, cucumber, and sweet corn. Average number of insecticide applications per season on tomato, sweet corn, cabbage, and cucumber were 10.8, 4.5, 4.7, and 4.0, respectively. Fungicides used included chlorothalonil at 1.68 kg (AI)/A, (Bravo 6 F, Zeneca, Wilmington, DE) and copper hydroxide at 2.24 kg (AI)/A (Kocide 101, GrifÞn, Valdosta, GA) on tomato and cucumber. Average number of applications per season on tomato and cucumber were 13.5 and 7.0, respectively. Herbicides used included napropamide 1.12 kg (AI)/ha (Devrinol 50 WDG, Zeneca), metribuzin at 0.28 kb(AI)/ha (Sencor 75 WDG, Bayer, KS, City, MO), and paraquat at 0.67 kg(AI)/ha (Gramoxone Extra, Zeneca) on tomato, ethalßuralin at 1.23 kg(AI)/ha (Curbit 3 EC, UAP, Greeley, CO) on cucumber, napropamide on cabbage, and metolachlor at 1.07 kg(AI)/ha (Dual 7.64 EC, Novartis, Greensboro, NC) and atrazine 2.25 kg(AI)/ha (Bicep 6 F, Novartis) on sweet corn. A single application of herbicide was made to each crop.
(2) Conventional Tillage/Biologically Based Inputs. A fall-planted cover crop of hairy vetch or previous summer-planted red clover was plowed and disked before planting. Tomato and cucumber were planted on black plastic mulch with trickle irrigation, whereas sweet corn and cabbage were planted on bare ground with overhead sprinkler irrigation. All summer crops were interseeded with red clover to provide a living mulch, which was mowed at Ϸ2-wk intervals. After harvests of sweet corn and cucumber in mid-to late July, the land was plowed and disked before transplanting cabbage in early August. For fertilization, each crop was treated with 168 kg/ha N (soybean meal), and 100 kg/ha of P 2 O5 (rock phosphate, 3% available P) and 112 kg/ha of K2O (potassium-magnesium sulfate), and every 4 yr with 2,240 kg/ha of dolomitic limestone. Weed, disease, and insect management measures involved nonchemical strategies approved for organic farming (Carolina Farm Stewardship Association 1997), including Bacillus thuringiensis variety kurstaki and/or aizawai (Dipel and Xentari, Abbott, North Chicago, IL) and insecticidal soap for insects (M-Pede, Mycogen, San Diego, CA), copper hydroxide (Kocide 101) for diseases, and hand weeding or mowing for weed control. Insecticide and copper hydroxide applications were made on the same dates that insecticides and fungicides were applied in the conventional tillage/chemical input treatments.
(3) Conservation Tillage/Chemically Based Inputs. A fall-planted rye cover crop was killed with paraquat 1 wk before strip-tilling for tomato transplanting and at planting for direct seeded crops (no-till sweet corn and strip-till cucumber). Cabbage was grown using strip tillage, which was conducted after a burndown application of paraquat and ßail chopping of the summer crop of sweet corn or cucumber. After the Þnal tomato harvest, vines were ßail chopped and rye was no-till drilled into the soil. Fertilization and pest control were the same as described in the conventional till/chemical input system.
(4) Conservation Tillage/Biologically Based Inputs. A fall-planted hairy vetch cover crop was ßail chopped one week before planting the vegetable crop in a strip-till (tomato, cucumber, cabbage) or no-till system (sweet corn). All vegetation was ßail chopped one week before strip-tilling the fall cabbage crop. Use of red clover as a living mulch, as well as the fertilization and pest control program, were as described in the conventional till/biological input system.
(5) Conventional Tillage/No Inputs. This was the equivalent of an untreated control, which consisted of conventional tillage and no inputs other than the planted vegetable crop. This treatment was included primarily as a control for weed and soil nutrient measurements, but it provided insight into the ecology of pest and beneÞcial arthropods in a unique habitat.
Soil Sample Collection. A bulb planter was used to extract soil cores (10 cm diameter, 12 cm deep) for detection of entomopathogens. In 1995 and 1996, two soil cores were taken randomly within each subplot and combined. Samples were taken on three dates each year: early season (April 1995 , May 1996 , midseason (July), and late season (November). In 1997 and 1998, subplots were divided into six equal sections and a soil core was taken randomly from within each section (six subsamples) once per month each year from April through September.
Pathogen Bioassay. Each soil core was broken into Þne pieces by hand and added to a 473-ml plastic food container containing last instar Galleria mellonella (L.) larvae. Containers were held in the dark at 27Ð 29ЊC and 75Ð90% RH for 6 d and then searched for larvae, which were subsequently classiÞed as alive, dead from entomopathogen infection, missing, or other (mortality not attributable to an entomopathogen). Each dead larva was placed on wet Þlter paper in a 2-oz plastic cup for 4 Ð 8 d to develop signs for pathogen identiÞcation. Pathogens were identiÞed as Steinernema carpocapsae ÔFletcherÕ strain, Heterorhabditis bacteriophora ÔFletcherÕ strain (Kaya and Stock 1997) , Metarhizium anisopliae, or Beauveria bassiana (Goettel and Inglis 1997) . Larvae classiÞed as missing or other were discounted when calculating percent mortality due to entomopathogens. Five larvae were placed in each soil sample in 1995 and 1996, and 10 larvae were placed in each soil sample in 1997 and 1998.
Bulk Soil Sample. A large soil sample was taken from each subplot in May 1997 before plot preparation. Conical sections (0.75 m top diameter, 0.5 m deep) were extracted using a tractor-mounted treespade. Each sample of Ϸ37 kg was hand sorted, and all macroarthropods (Ͼ3 mm long) were collected. Arthropods were separated into morphospecies. ShannonÐ WeaverÕs (HЈ) and HillÕs (N1) diversity indexes (Hill 1973) were calculated for each subplot. HЈ is a measure of the degree of uncertainty in predicting what species an individual chosen at random will be; N1 is an estimate of the number of abundant species in a sample. HillÕs N1 was used to detect differences in soil arthropod diversity between treatments.
Temperature and Rainfall. Maximum and minimum air temperature and rainfall were recorded daily in 1997 and 1998 from April through September, using a CS500 temperature probe and a TE525 tipping rainfall bucket (Campbell ScientiÞc, Logan, UT). Soil temperatures were measured in 1998 under various ground covers using Hobo temperature loggers (Onset, Pocasset, MA). Loggers were buried in waterproof containers (12 cm high) to a depth of Ϸ14 cm and covered with at least 2 cm of soil; consequently, the mean temperature of an airspace from a depth of 2Ð14 cm was measured. Temperatures under four ground covers (black plastic mulch, bare ground, chopped rye straw, and living clover mulch) were measured simultaneously. Measurements were taken continuously at 30-min intervals throughout the growing season. Gravimetric measurements of soil moisture were taken from the top 12 cm of soil in each subplot on 17 June and 16 July 1998. Statistical Analysis. Data were transformed to achieve homogeneity of variance using arcsine (͌x) for percent G. mellonella killed by entomopathogens. All tables and Þgures presented are back-transformed data. In 1995 and 1996, means of percent of G. mellonella killed were calculated by taking the mean of each subplot over three sample dates. In 1997 and 1998, seasonal means of percent G. mellonella killed were calculated by averaging, over six sample dates, the means of six soil cores per subplot. Tillage type (conventional versus conservation), input type (chemical versus biological) and crop rotation (continuous tomato versus rotated vegetables) were compared using orthogonal contrasts (SAS Institute 1996) . Means were analyzed separately each year, and a split-plot design was used to detect interactions between production systems and crop rotation.
Results
Entomopathogen Detection. Although numerically higher numbers of G. mellonella were killed by entomopathogens in conservation-compared with conventional-tilled plots in 1995 and 1996, these differences were not statistically signiÞcant, however (Table 1) . Consequently, sampling was expanded in 1997 and 1998 to further deÞne possible treatment effects, and in both years there was a clear pattern of higher mortality of G. mellonella due to entomopathogens in conservation-tilled plots (11.7Ð35.4%) than in conventional-tilled plots (3.4 Ð7.9%) ( Table 2) .
Changes in entomopathogen-induced mortality in the Galleria assay over time in 1997Ð1998 for each treatment are presented in Fig. 1 . In general, mortality peaked in June 1997 and May 1998. Steinernema carpocapsae caused the greatest mortality of G. mellonella in both years; mortality caused by other pathogens was more variable. Table 3 presents orthogonal contrasts of treatment effects. Percentage fungal-induced mortality of G. mellonella was signiÞcantly higher in control plots versus all other treatments in both years (mean percentage mortality in control was 7.0 and 10.1 versus 2.8 and 4.3% in all other treatments in 1997 and 1998, respectively). Fungi and nematodes killed signiÞcantly more G. mellonella in conservation-versus conventional-tilled plots in both years (Fig. 2) . Fungal-induced mortality was signiÞcantly lower in samples from plots treated with chemical (2.3% mortality) than biological pesticides (3.5% mortality) in 1997, but the difference was small. There was no signiÞcant pesticide effect in 1998 (13.4 versus 13.8% mortality in the chemical and biological treatments, respectively). A signiÞcant tillage ϫ crop rotation effect on nematode-induced mortality was apparent in 1997; i.e., percentage G. mellonella killed in conservation till treatments was higher in rotated (28.8%) versus nonrotated plots (14.8%), but there was no difference in mortality between conventional till treatments in rotated (4.9%) versus nonrotated plots (5.7%). Similarly, there was a signiÞcant input type ϫ crop rotation effect on nematode-induced mortality in 1997; i.e., percentage of G. mellonella killed in chemical input treatments was higher in rotated (19.7%) versus nonrotated plots (6.7%), but there was no difference in mortality between biological input treatments in the rotated (14.1%) versus nonrotated plots (13.8%). Neither the tillage ϫ crop rotation nor input type ϫ crop rotation effects were signiÞcant in 1998.
Environmental Conditions. Average daily air temperature and rainfall in 1997 and 1998 are presented in Fig. 3 . In 1997, there was a gradual temperature increase in April and May, followed by temperatures in the 20 Ð25ЊC range beginning in mid-June. In 1998, temperatures attained 20 Ð25ЊC in mid-May. Rainfall patterns were similar both years (i.e., heavy rainfall in April and periodic dry intervals throughout the growing season).
ProÞles of daily soil temperature cycles 2Ð14 cm under four types of ground cover are presented in Fig.  4 . Although data were recorded for many more days throughout the growing season, we have presented 6-d mean temperatures before two sample dates in 1998 with high entomopathogen detection. These daily proÞles are representative of the majority of days during the season. Soil temperature was highest under black plastic mulch and often attained values ap- 1.7 Ϯ 0.8 9.8 Ϯ 4.8 10.5 Ϯ 5.8 24.7 Ϯ 6.9 10.7 Ϯ 4.6 2.1 Ϯ 1.0 1.9 Ϯ 1.2 42.8 Ϯ 8.4 23.9 Ϯ 6.7 5.5 Ϯ 1.8 17 Sep 0.9 Ϯ 0.7 3.3 Ϯ 1.6 11.0 Ϯ 3.5 13.4 Ϯ 5.1 14.2 Ϯ 5.2 0.5 Ϯ 0.5 1.7 Ϯ 1.0 34.5 Ϯ 8.8 18.0 Ϯ 6.7 17.5 Ϯ 5.9 Mean 3.4 Ϯ 0.6 7.9 Ϯ 1.5 11.7 Ϯ 2.0 23.8 Ϯ 2.6 14.4 Ϯ 1.9 5.0 Ϯ 0.9 6.5 Ϯ 1.3 35.4 Ϯ 3.2 24.0 Ϯ 2.7 14.1 Ϯ 1.9 1998 11 Apr 0.9 Ϯ 0.6 0.8 Ϯ 0.6 6.5 Ϯ 3.2 7.7 Ϯ 3.0 0.9 Ϯ 0. proaching 41ЊC during afternoon hours. Bare ground and soil under chopped rye mulch reached intermediate maximum temperatures, and soil under living clover mulch had the lowest maximum temperatures. Soil under clover also had the smallest mean daily temperature range (Ϸ5.5ЊC). Percent soil moisture content for two sample dates in 1998 with high entomopathogen detection are presented in Fig. 5 . No signiÞcant differences were detected between conventional and conservation tillage treatments in irrigated plots (tomato subplots) (17 June: t ϭ 1.16; df ϭ 1, 14; P ϭ 0.266; 16 July: t ϭ 1.24; df ϭ 1, 14; P ϭ 0.236). However, moisture content was signiÞcantly higher in conservation versus conventional tillage treatments in nonirrigated plots (corn subplot) on both sample dates (17 June: t ϭ 3.92; df ϭ 1, 14; P ϭ 0.002; 16 July: t ϭ 2.54; df ϭ 1, 14; P ϭ 0.024).
Diversity of soil arthropods (as measured by HillÕs N1 value) was signiÞcantly greater (F ϭ 19.3; df ϭ 1, 12; P ϭ 0.0009) in conservation compared with conventional treatments in the continuous tomato subplot (Table 4) . Although no signiÞcant differences were detected in the rotated vegetable subplot, there was a trend toward higher diversity in conservation-tilled treatments.
Discussion
Our data suggest that conventional tillage signiÞ-cantly reduced the overall activity of entomopathogens when compared with conservation tillage. Striptillage did not appear to signiÞcantly suppress S. carpocapsae, but may negatively affect M. anisopliae. Tremendous disturbances to the soil, such as plowing For all analyses, df ϭ 1, 12. *, **, and *** denotes signiÞcance at P Ͻ 0.01 and P Ͻ 0.001; respectively.
and disking in conventional-till systems, reduce the survival and activity of soil-based nematodes and fungi. Brust (1991) detected higher soil entomopathogen populations in no-till systems compared with conventional tillage. However, other production factors, such as pesticide inputs and crop rotation, can also affect entomopathogens either directly or by affecting host availability. For example, fungal pathogen populations in our control plot may have resurged after being conventionally tilled, because no fungicides were applied and/or because insect hosts were abundant due to the absence of insecticide use.
Our Þndings also suggest that pesticide use may reduce the activity of entomopathogenic fungi in the Þeld. Detection of B. bassiana and M. anisopliae was signiÞcantly lower in plots treated with chemical versus biological pesticides in 1997. Our frequent use of chlorothalonil throughout the growing season to control foliar tomato diseases also may have contributed to a reduction of fungal entomopathogens in the soil.
Measurements of gravimetric soil moisture provide only a small picture (spatially and temporally) of soil moisture in our system. While little is known about optimal Þeld moisture conditions for entomopathogens, several laboratory studies have identiÞed critical parameters. Nematodes, protozoans and bacteria often require a water Þlm for activity, whereas fungi do not (Barbercheck 1991) . Moreover, wet or saturated soils can severely restrict nematode movement, but water Þlms less than 1 l thick bind nematodes tightly against soil particles (Wallace 1971) . Nematodes also may become quiescent or anhydrobiotic in dry soils (Wormersley 1990 ). The use of water potential, versus percent moisture, has more biological signiÞcance and allows for comparison across soil types. Our data, while limited in scope, suggest that moisture near the soil surface (Ͻ12 cm) is signiÞcantly greater in conservation compared with conventional tillage plotsÑa condition probably directly related to type of ground cover in our system. Type of ground cover can greatly affect the temperature in the top 12 cm of soil and these differences may affect the survival and activity of soil entomopathogens. Soil in the conservation tillage/biological treatment had the lowest and smallest range of temperatures, and also the greatest entomopathogen activity. Conversely, the lowest incidence of entomopathogen-induced mortality in Galleria assays was consistently found in the conventional tillage/chemical treatment, which had the highest soil temperatures. In laboratory studies, survival and pathogenicity of entomopathogenic nematodes were signiÞcantly greater at lower (5Ð25ЊC) compared with higher (35ЊC) temperatures (Hsiao and All 1996, Kung et al. 1991) . In addition, peak in vitro germination of certain isolates of B. bassiana and M. anisopliae occurs at 25Ð30ЊC (Barbercheck 1991) . Given these general preferred temperature ranges, entomopathogenic nematode and fungal isolates appear to be adapted to summer temperature ranges present in the soil under a living ground cover (e.g., 20 Ð28ЊC under clover). Conversely, these same isolates may be negatively affected when soil temperatures are artiÞcially increased by the presence of black plastic mulch or bare ground.
Although type of tillage appeared to be the primary factor affecting endemic soil entomopathogens in western North Carolina vegetable systems, other factors may play important roles. Conventional tillage alters soil structure and directly kills entomopathogens and host organisms, while conservation tillage (including strip-tillage) apparently conserves entomopathogens and alternate hosts. Ground covers can signiÞcantly affect soil temperature and moisture, which may directly inßuence pathogen activity or survival. In addition, to providing the beneÞts of soil conservation, strip-tillage conserves natural enemies in the form of entomopathogenic nematodes and fungi. However, other production practices (e.g., use of broad-spectrum pesticides) can signiÞcantly reduce entomopathogen survival and activity, tempering the positive aspects of strip-tillage. 6.7 Ϯ 0.7 5.6 Ϯ 1.6 7.2 Ϯ 1.5 7.5 Ϯ 1.1 7.9 Ϯ 1.0 7.1 Ϯ 0.5 a H ϭ -sum of p(i) ϫ ln p(i), where p(i) ϭ proportion of the ith sample in the total sample. b N1 ϭ e HЈ .
